Formins polymerize actin filaments for the cytokinetic contractile ring. Using in vitro reconstitution of fission yeast contractile ring precursor nodes containing formins and myosin, a new study shows that formin-mediated polymerization is strongly inhibited upon the capture and pulling of actin filaments by myosin, a result that has broad implications for cellular mechanosensing.
Fundamental cellular processes such as cell motility and cell division rely on the ability of the actin cytoskeleton to generate and respond to mechanical forces. Polymerization of networks or bundles of actin filaments close to the cell membrane can result in a local cell protrusion or contraction when newly generated actin filaments are pulled by myosin motor proteins. Local activation of actin polymerization is thus tightly regulated by cells. Formin proteins are key actin filament regulators that generate actin filaments for the actomyosin contractile ring during cytokinesis and also have important roles in a host of cellular processes as well as being specific targets of pathogenic bacteria [1] [2] [3] .
Research in fission yeast has shown that the formin Cdc12 and the type II myosin Myo2 localize in a broad band of membrane-associated nodes during early stages of cytokinesis [4] . Actin filaments nucleated by Cdc12 are pulled by Myo2, generating the force required to pull the nodes together into a contractile ring. A 'search, capture, pull and release' (SCPR) mechanism [5] was proposed in a computational model of this process; however, this behavior has not been tested in an experiment with controlled conditions in vitro, leaving many mechanistic questions unanswered. The first minimal reconstitution of 'search, capture and pull' has now been achieved in a new study by Zimmermann et al. [6] ( Figure 1A ). In addition to establishing basic biophysical properties of the process, the authors discovered that Cdc12-mediated actin polymerization is drastically reduced when Myo2 pulls on the actin filament. This novel mechanoregulatory mechanism has important implications in broad areas of cell mechanosensing and contractility.
Formins are multi-domain proteins that form dimers to nucleate actin filaments. They remain associated with the barbed end of the actin filament through their formin homology (FH) 2 domain that wraps around the filament and rotates around its helix as the filament elongates [1, 7] (Figure 1 ). Predicted flexible FH1 domains extend from each FH2 domain and link at their amino terminus, which is frequently associated with proteins on the cell membrane. FH1 domains characteristically contain proline-rich regions that bind the protein profilin, which itself is bound to a large fraction of actin monomers in cells. Kinetic modeling and physical arguments suggest that the FH1 domain captures and directly transfers profilin-actin to the barbed end of the actin filament, speeding up polymerization by severalfold in a profilinconcentration-dependent manner [8] . Experiments with various formin constructs have supported key features of the transfer mechanism, such as a relationship between the proximity of an FH1 proline-rich sequence to the FH2 domain and its contribution to actin polymerization rate [9] [10] [11] .
The proposed flexible nature of the FH1 domain that is required for direct transfer of profilin-actin to the barbed end of the actin filament suggested the possibility of complex mechanical regulation, consistent with the involvement of formins at sites of cellular mechanical activity, such as contractile networks and focal adhesions. Pulling forces can either promote or inhibit actin polymerization: promotion occurs by decreasing the critical concentration for polymerization and helping the FH2 domain move processively along the actin filament; and inhibition occurs by extending the FH1 domain away from the barbed end, thus reducing polymerization. In recent theoretical work, Bryant et al. [12] suggested that pulling forces that stretch the FH1 domain promote polymerization by exposing hidden profilin-actin binding sites. In this model, the activity of prolinerich regions distant from the FH2 domain is decreased as they are moved away from the barbed end, while the activity of regions closer to the FH2 domain is enhanced. Reduction of Cdc12-mediated actin polymerization by myosin pulling was an important assumption to prevent node clump formation in the first formulation of the SCPR model [5] (later models incorporating additional mechanisms, such as actin filament cross-linking, reproduced ring assembly without relying on such mechanosensing [13] ). However, recent experimental studies testing formin mechanosensitivity [14] [15] [16] showed extensional forces on the FH1 domains promote, rather than inhibit, profilin-regulated actin polymerization by mouse formin mDia1 [15, 16] and budding yeast formin Bni1 [14] .
In the new work, Zimmermann et al. [6] FH1-FH2 domains) . By imaging fluorescently labeled actin, the authors visualized single actin filaments polymerizing out of the Cdc12 beads. When the filament elongated toward a Myo2 bead, the myosin motors captured the filaments and pulled toward the barbed end. This caused the initially curved actin filaments to straighten and the two beads at either end of the filament to contract toward one another, similar to what is expected for nodes in fission yeast. Intriguingly, the actin filament elongation rate was dramatically reduced as soon as the inter-bead connection was established. This finding demonstrates extreme mechanosensitivity of Cdc12 that allows myosin to pull harder on the taut actin filament. A computational model with elongating actin filaments in a viscous medium was used to demonstrate several points: Cdc12 is, surprisingly, sensitive to forces as small as 0.1 pN; myosin force can be transmitted to the barbed end even when the actin filament is highly curved upon its initial encounter with the Myo2 bead; and the relevance of these findings to in vivo conditions (compared with the in vivo situation, the experiments by Zimmermann et al. [6] involved larger node separations, reduced medium viscosity and lower actin polymerization rate).
The authors went on to show that the mechanosensitive response specifically maps to the Cdc12 FH1 domain, as supported by the finding that Cdc12 tethered by its FH2 domain does not exhibit mechanosensitivity. While the FH1-FH2 region from mouse formin mDia2 was not mechanosensitive, the construct combining Cdc12 FH1 with mDia2 FH2 did show mechanosensitivity.
Swapping the FH1 domain of Cdc12 with that of mDia2 allowed actin filament elongation at approximately the same rate as Cdc12 FH1-FH2, but this construct did not show detectable mechanosensitivity. Thus, FH1 domains from different formins seem to have different mechanosensitive responses ( Figure 1B) . Zimmermann et al. [6] demonstrated a biological role for their biochemical findings: mutant cells with the Cdc12 FH1-FH2 domains replaced by those of mechano-insensitive mDia2 formed clumps of nodes, contained more than twice the amount of actin material in the assembling contractile ring, and exhibited an increase in multinucleated cells and cells with abnormal septa.
These new findings suggest that FH1 composition is optimized for the appropriate mechanical response for the biological processes in which it is involved. The length and composition of FH1 domains vary widely among formins, complicating phylogenetic analysis [17] . The work by Zimmermann et al. [6] motivates further studies to crack the mechanical response encoded in FH1 domains. Many mysteries remain given that the accumulating evidence hints at features beyond the basic polymer physics implemented in prior models being relevant when considering the response of formins to forces. Zimmermann et al. [6] suggest that their findings are explained by the model of Bryant et al. [12] ; however, for FH1 lengths of the order of 30-50 nm (corresponding to the Cdc12 and mDia2 FH1 sequences in [6] ), the results of the model in Figure 5 in [12] indicate enhancement of polymerization for all profilin-binding sites of Cdc12 and mDia2 for forces less than 3 pN. A more detailed analysis may be needed to account for the effect of multiple active profilin-binding sites. Various additional factors may play a non-trivial role in actin filament polymerization, such as: differential rates of profilin binding to different sites in the FH1 domain as well as differential rates of transfer of profilin-actin to either actin protofilament as proposed by Courtemanche and Pollard [10] ; cooperative effects by multiple profilins as proposed by Zhao et al. [18] ; and/or (transient) binding of FH1 domains to FH2 domains as suggested by J egou et al. [15] . A complication to note regarding prior experiments is that it has been difficult to demonstrate whether force is exerted equally on both FH1 domains of the formin dimer.
A challenge for future experimental and modeling studies is to further relate formin mechanoregulation to a broader range of cell biological functions, exploring analogies with other assembly factors, such as Ena/VASP [19] , and formulating an integrated formin mechanochemical cycle. The latter should account for constraints from detailed balance, the complex role of profilin in actin's thermodynamic cycle, and any contribution of ATP hydrolysis in the actin filament, possibly having a long-range influence as suggested by evidence supporting cooperative interactions along the actin filament [20] .
